Abstract-A balanced antipodal bow-tie antenna for Ultra-wideband (UWB) applications is presented. It is printed on a single layered FR4 substrate of a small volume of 26×31×1.6 mm 3 . It is featured a staircase bow-tie radiator for bandwidth enhancement and size reduction, a tapered microstrip feeding balun for balance to unbalance transfer, two dumb-bell shaped slots and an L-shaped meander stub for bandnotching. Simulated and measured results show a good agreement with each other: the proposed antenna operates at 2.8-11 GHz, fully satisfy the UWB requirements, and provides two notch-bands at 3.3-4 GHz and 5-6 GHz, respectively. Such notch bands minimize interference to/from the existing WiMAX and WLAN networks.
I. INTRODUCTION
As a leading technology for future short-distance wireless applications,the ultra-wideband (UWB) wireless communication presents technical challenges on antenna design. This type of antennas should fully comply with the UWB emission mask requirements in the wide frequency band of 3-11 GHz while retain compactness for uses in the applications, such as high-speed wireless communication links and radar imaging. [1] . A good UWB antenna should also possess features such as easy fabrication, good impedance-matching characteristics, gain flatness, and a relatively low group delay across the whole operating band.
Various types of antipodal and tapered slot antennas have been shown to be promising candidates for ultra -wideband technology and applications, such as Vivaldi, bow-tie and tapered slot antennas (TSA) [2] [3] [4] [5] . In [6] , a miniaturized antipodal antenna is proposed to cover the UWB operational band; it utilizes a microstrip feeder that is directly connected to the radiator as well as ground plane to reduce the antenna dimensions. In [7] , a balanced antipodal with dimension of 56×76 mm 2 is proposed for gain enhancement of the antenna based on substrate shaping. However, it requires two substrates in order to obtain a balanced current flows and radiation characteristics.
In [8] , a new miniaturized notch-band elliptically tapered slot antenna is presented and it has a size of 0.63λ g ×0.64λ g where λ g is effective wavelength at 3.1 GHz with an effective dielectric constant of 2.65 and the substrate thickness of 0.8mm. The structure exhibits a signal rejection at 5GHz-6 GHz with the gain suppression of up to 15 dB. However, this design has an undesired radiation pattern in the H-plane and only provides notch rejection to the WLAN band of IEEE 802.11a standard (not WiMAX). [9] Proposes a novel tapered slot antenna operating from 2.4 to 11.2 GHz with Archimedean spiral-shaped slot as the open-circuit circular stub to obtain a notch-frequency band from 4.6 to 6.2 GHz. The antenna has a size of 0.91λ g × 0.91λ g with effective dielectric constant of 3.3 and a substrate thickness of 0.8 mm.
In this letter, a new antenna is proposed for the design of a compact balanced antipodal antenna that fully covers the UWB frequency range from 3.1-10.6 GHz and provides double notch-bands at 3.3-4 GHz (WiMAX) and 5 proposed antenna is more compact, λ g is effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate of 1.6 mm. The notch band of 3.3 Moreover, the E-plane over the whole frequency band II. ANTENNA The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase rounded bow of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a bow-tie antenna with (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created at the bottom of the rounded bow quarter of the guided wavelength at 6.5 GHz. To achieve a notch symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 GHz), a meander open antenna is 26×31 mm (WiMAX) and 5-6 GHz (WLAN). In comparison with the proposed antenna is more compact, s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate of 1.6 mm. The notch band of 3.3 Moreover, it possesses an omni plane over the whole frequency band NTENNA STRUCTURE The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase rounded bow-tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a tie antenna with (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created at the bottom of the rounded bow quarter of the guided wavelength at 6.5 GHz.
Configuration of the proposed antenna (a) top view, (b) bottom view.
To achieve a notch symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3. it possesses an omniplane over the whole frequency band TRUCTURE The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a tie antenna with rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created at the bottom of the rounded bow quarter of the guided wavelength at To achieve a notch-band at WLAN band of 5 symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 GHz), a meander open-circuit stub is added to one arm of staircase antenna is 26×31 mm 2 . Table I . shows the design parameters of the proposed antenna.
6 GHz (WLAN). In comparison with the proposed antenna is more compact, and has a smaller cross s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate of 1.6 mm. The notch band of 3.3-4 GHz mitigates interference -directional pattern along the H plane over the whole frequency band.
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created at the bottom of the rounded bow-tie antenna [10] . More specifically, the length of L2=10.59 mm is a quarter of the guided wavelength at 4 GHz, whereas the length of L3 is a quarter of guided wavelength at band at WLAN band of 5 symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 circuit stub is added to one arm of staircase . Table I . shows the design parameters of the proposed antenna.
6 GHz (WLAN). In comparison with the and has a smaller cross s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate 4 GHz mitigates interference directional pattern along the H The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at
band at WLAN band of 5-6 GHz, two dumb symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 circuit stub is added to one arm of staircase . Table I . shows the design parameters of the proposed antenna.
6 GHz (WLAN). In comparison with the previous antenna designs reported in [8, 9] , the and has a smaller cross-sectional dimension of 0.49 s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate 4 GHz mitigates interference to/from the existing WiMAX networks. directional pattern along the H-plane and dipole
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at
6 GHz, two dumb symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 circuit stub is added to one arm of staircase bowtie. The overall dimension of the . Table I . shows the design parameters of the proposed antenna.
previous antenna designs reported in [8, 9] , the sectional dimension of 0.49 s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate to/from the existing WiMAX networks. plane and dipole
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at 6 GHz, two dumb-bell shaped slots are etched symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 bowtie. The overall dimension of the . Table I . shows the design parameters of the proposed antenna.
previous antenna designs reported in [8, 9] , the sectional dimension of 0.49λ g ×0.58 s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate to/from the existing WiMAX networks. plane and dipole-like radiation pattern in
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase tie radiators that are symmetrically connected to a tapered microstrip feeder. At the bottom of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of t being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at bell shaped slots are etched symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3 bowtie. The overall dimension of the . Table I . shows the design parameters of the proposed antenna.
previous antenna designs reported in [8, 9] , the 0.58λ g , where s effective wavelength at 3.1 GHz with an effective dielectric constant of 3.3 and a substrate thickness to/from the existing WiMAX networks. like radiation pattern in
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase feeder. At the bottom of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the patches were then reshaped in a staircase manner as shown in Fig. 1 with step increment of the staircase being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at bell shaped slots are etched symmetrically on the two sides of the bowtie; whereas to provide a rejection band at WiMAX band (3.3-4 bowtie. The overall dimension of the previous antenna designs reported in [8, 9] , the where thickness to/from the existing WiMAX networks.
like radiation pattern in
The geometric design of the proposed antenna is shown in Fig. 1 . The antenna consists of two staircase feeder. At the bottom of the substrate, a tapered ground of the microstrip is designed to realize a balanced tapered transition of the surface currents that will in turn yield balanced radiation patterns. The design was evolved from a rectangular patches of a length of 12.23 mm (L1) and a width of 12.25 mm (W1+W2+W3+W4+W5) which is a quarter of guided wavelength at 3.1 GHz. The fed sides of the he staircase being chosen to be the quarter wavelengths at different frequencies, which different notches were created tie antenna [10] . More specifically, the length of L2=10.59 mm is a 4 GHz, whereas the length of L3 is a quarter of guided wavelength at bell shaped slots are etched 4 bowtie. The overall dimension of the The dumb-bell slots on the both sides of the bow-tie radiators, as depicted in Fig. 1 , were simulated for assessment of the rejection performance at 5-6 GHz. The results are shown in Fig. 3 . In the initial design, the radius of the circular slots and the length of the thin connecting slot were chosen to give a total current path of a quarter of the guided wave length at the center frequency of the WLAN band. As shown, with the decrease in the radius of the dumb-bell slots, the center frequency of the second notch-band shifts from 5.5 GHz upward to 8 GHz, whereas the magnitude of the return-loss reduces. As shown in Fig.4 , by changing the length of feedline (L 7 ) from 16.97 mm to 20.97 mm, the impedance matching, in particular at high frequencies, would deteriorate. Moreover, lower frequency would shift slightly downward. By optimization, the best value of L7 was found at 16.97 mm that is used in this design. The surface current distributions of the antenna are depicted in Fig. 5 and Fig. 6 . At 5.5 GHz, the center frequency of the second notch-band for WLAN, strong surface currents flow around the dumb-bell slots.
In other words, the dumb-bell slots act effectively as short-circuit stubs of a quarter wavelengths. At 3.5 GHz of the WiMAX band, asymmetric surface current distribution is observed on the two sides of the substrate, andthe surface current concentrates on the L-shaped stub, and flow to the open-end and returning back with little radiation. This results in the band-notched behavior of the antenna at 3.5 GHz.
(a) (b) Figure 5 Simulated surface current density of the proposed antenna at (a) 5.5 GHz (b) 3.5 GHz. Figure 6 The simulated magnitude of current density of the proposed antenna at 3.5 GHz.
III. TEST RESULTS AND DISCUSSIONS
The proposed antenna was fabricated on FR4 substrate with an overall size of 26 mm × 31 mm, the dielectric constant of 4.4, and a thickness of 1.6 mm. A snapshot of the fabricated antenna is shown in Fig. 7 . The return loss of the antenna was measured and compared to the simulation results. As shown in Fig. 8 , a good agreement is observed; the results show that the proposed antenna exhibits an ultra-wide Prof Virdee impedance bandwidth, covering from 2.8 to 11 GHz with 10 dB return loss reference. It also provides two notch-bands at 3.3-4 GHz and 5-6 GHz. The measured and simulated gain of the proposed antenna at different frequencies is depicted in Fig. 9 . It shows that the proposed antenna exhibits a significantly lower gain at the notch bands than at other frequencies. The measured gain is reduced from 2 dB to -5 dB, when operating frequency increases from
